ABSTRACT. This work describes a two-dimensional numerical model that allows detecting the appearance of cracks and calculating their propagation in elements made of laminated bamboo, under tension and shear. This composite material has long parallel strong cellulose fibers embedded in a weak lignin matrix. The mechanical models that represents the failure and fracture process of laminated bamboo is still not available in the literature. This numerical model simulates localized strains, showing the beginning and progression of the fracture in the material. The model is based on a twodimensional scheme for plane stresses, using the finite element method. A one-dimensional plasticity constitutive model, based on Weibull probability distribution, is used to describe the mechanical response of the fibers, and a continuum damage constitutive model controls the behavior of the matrix. The homogenization process is done with the rule-of-mixtures, and vanishing fiber diameter simplification. Continuum strong discontinuity approach is employed to detect the jump of the displacement field, during the fracture process. This numerical model is used to simulate the failure of laminated bamboo Guadua angustifolia under tensile and shear tests, which were then compared to experimental data. The results show that the numerical model detects the same crack patterns obtained in tests.
INTRODUCTION
n Colombia there is a species of bamboo called Guadua angustifolia. This is an outstanding species of bamboo in that country, thanks to its physical-mechanical properties, its large size and its constant and abundant use in the construction industry. Guadua angustifolia, commonly called "guadua", is found naturally in Colombia, Ecuador, and I Venezuela in bamboo forests concentrated in the Andean region [1, 2] . Although bamboos have proven to be appropriate materials for the construction of civil structures, their mechanical behavior remains a subject of research. Recently, researchers [3] [4] [5] [6] have contributed to determine the mechanical properties, such as stiffness and strenght, of guadua in round and laminated configuration, finding that it has an extraordinary structural performance and great potential in the construction of civil works. Moreover, studies have been carried out on the anatomy and microstructure of different bamboos in the world [7] [8] [9] and some specifically on the guadua [10] [11] [12] [13] . These latest investigations have revealed that this plant is a composite and functionally graded material. Despite all efforts to use guadua in the construction of buildings and to investigate its mechanical properties, there are not enough studies about the detailed description of the mechanical behavior of this plant. Consequently, a constitutive model, proposed from a theoretical point of view, that simulates the mechanical behavior of elements and structures manufactured with laminated guadua is presented, taking into account the composite character of this material, without being limited by the geometry, the size or the loads applied. The mechanical behavior of the composite material is determined by the constitutive models of each of its components and by the microstructure of the material, that is, the distribution and orientation of the fibers in the matrix. The constituents, matrix and fibers, are considered isotropic materials, whose behavior is defined by constitutive models of damage and plasticity, respectively. 
MATERIALS: BAMBOO AND LAMINATED BAMBOO
he main parts of the bamboo are the rhizome, the culm (or stem), the branches and the leaves ( Fig. 1-a) . For practical purposes, the culm is a bar with a circular hollow cross-section, which is divided into the parts indicated in Fig. 1-b . While the bottom parts are especially suitable for the construction, the upper parts of the culm tend to be used for the manufacture of furniture and handicrafts. Figs. 1-b and 1-c show an important characteristic for the formulation of the numerical mechanical model: long fibers are aligned with the longitudinal axis of the culm, which makes it a material reinforced in one direction. Slats with rectangular cross-section are extracted from bamboo culms ( Fig.  1-d) . Laminated bamboo is a composite material formed by bamboo slats, which preserve the same orientation fibers and the adherence with each other (Figs. 1-e, 1-f, and 1-g ). This material allows to manufacture with prismatic bars with a T rectangular cross-section or panels of constant thickness. Particularly, the laminated bamboo derived from Guadua Angustifolia is called Laminated Guadua Bamboo (LGB).
METHODS: NUMERICAL MODEL FOR TWO-DIMENSIONAL MEMBERS OF LGB
he proposed numerical model for LGB represents the crack pattern and the mechanical response of twodimensional specimens subjected to static loads, which produce tensile and shear stress [14] . This model assumes perfect adherence among slats and uniform distribution of the fibers into the matrix. The constitutive model of the composite material is derived from the mixing theory [15] , the classical constitutive models of two-dimensional damage for matrix [16] and one-dimensional plasticity for the fiber bundle [17, 18] . The fracture process is modeled by means of continuum strong discontinuity approach for composite materials reinforced with long fibers [19, 20] .
Constitutive model for a composite material LGB
In this model, the behavior of the lignin matrix is represented by a two-dimensional damage constitutive model [16] , in which the stress tensor r . In contrast, the behavior of the fiber bundle is described with the one-dimensional plasticity model [17] , defined from the proposed progressive failure model [18] . In the fiber bundle constitutive model, the normal stress LGB is based on the classical mixing theory for parallel systems and with the negligible fiber diameter simplification [15] . In this model the stress and stiffness are obtained from the weighted sum of its components through its volumetric fractions, while the strain is common for the fibers and the matrix. The strain rate of the matrix ( ) m   is equal to that of the composite material, at the same time that the strain rate of the fibers group ( ) f   is equal to the strain component of the composite material along the longitudinal direction of fiber s, that is:
The tensor stress rate of LGB is equal to the sum of the products between the volumetric participation coefficients, 
By substituting the constitutive equation of each component in the constitutive equation of LGB, the following expression is obtained for the constitutive tangent tensor of the composite:
Constitutive model for fibers bundle
The high dispersion in the mechanical properties of the fibers comes, in part, from measurement errors in the laboratory, but above all, from the natural characteristics of the material. This has been found on different natural fibers, testing by other authors [21] [22] [23] [24] . The strength ( ) f u  of the fibers is related to their volume. When the gauge length of the fiber in tensile tests is constant, it depends only on their cross-section area ( ) f a . Therefore, a modified Weibull probability distribution [23, 25] is used to represent the fiber strength of LGB, thus:
where 0 a is the average value of the cross-section area of all the fibers, and the scale parameter  is a measure of the characteristic strength of the fibers. The shape parameter  defines the variability of the data. From a progressive failure T model and the classic uniaxial plasticity model, the following plasticity model is proposed to represent exclusively the mechanical response of the fibers group of LGB. The axial equilibrium allows establishing that   is equal to the percentage of fibers whose strength is equal to or less than the effective stress applied to the LGB specimen. That is, the percentage of broken fibers as a function of effective stress indicates the level of material degradation or capacity loss. The failure probability corresponds to:
From the tangent constitutive equation
LGB, the tangent elasticity modulus ( ) f tg E can be obtained as follows. Substituting of the previous expression into the classical one-dimensional plasticity model, the behavior of the fiber bundle during the stages of inelastic loading can be represented by the softening modulus ( ) f H , which takes the following form:
, where and exp( ) 1
The . Fig. 2 shows a schematic view of this model. From the observation of the process of failure of traction and flexion tests in the LGB, it is assumed that the mechanical behavior of the lignin matrix can be represented by a model of continuous damage with differential thresholds of tensile strength and compression [17, 26] . The continuous damage of the matrix is attributed to the breaking of the polymer chains during the loading process. The code of LGB material constitutive model was written in Fortran 90 and was included into a version of the open-source program COMET. This version allows the no-linear finite element analysis, considering the continuum strong discontinuity approach [19, 20] . The developed program was tested in different simulations.
RESULTS: NUMERICAL SIMULATION OF SPECIMENS SUBJECTED TO TENSION AND SHEAR
ue to the anisotropy of the bamboo culm, its characterization must be done through tests with different configurations. Among all the possibilities, some of them are tensile tests and direct shear tests. The numerical model was tested in these cases to verify the cracking patterns and to adjust some parameters of materials that are difficult to measure in the laboratory. In both tests, the numerical problem is considered as a plane stress problem with its domain discretized into triangular elements. The fiber distribution is considered uniform, so a constant volume fraction of fibers is maintained in all elements of the mesh. The shape and scale Weibull parameters to describe the softening of the fibers were computed from tensile tests of individual vascular bundles of bamboo Guadua angustifolia [27] . LGB specimen subjected to tensile stress: (a) sketch of the experimental tested specimen, (b) finite element mesh of the numerical simulation, with a detail of the mesh. Fig. 3 shows a sketch of the experimental test specimen [4, 31] and the numerical specimen with its mesh. Laboratory instrumentation gives us the load P and the relative displacement  at the two central points.
Tensile test
The domain is discretized in 1008 triangular elements, reducing the size at the central part of the specimen, where it is presumed to fail. The left border is displacement constraint, and an incremental displacement  is imposed to the nodes at the right border. Fig. 4 shows lines of equal displacement at three different load steps. Fig. 6 shows the experimental [6] and numerical specimen, with its boundary conditions. The domain is discretized into 1665 elements, and the mesh is refined at the presumed beginning of the crack. Fig. 7 shows the equal displacement lines results compared with experimental findings. 
Shear test

CONCLUSIONS
he numerical constitutive model proposed in this work represents correctly the crack pattern of LGB specimen subjected to a static load, which produce tensile and shear stress. The numerical model is robust enough to detect the different failure modes according to different fiber orientations in shear tests. Tensile tests show that two different crack patterns are possible: longitudinal crack at transition zone of the cross-section and transverse crack in reduced cross-section. The model showed that both types of failure are always present, but they occur at different times. In the zone of reduction of the specimen, a concentration of stresses in the early stages of the test is presented, which implies a possible failure by shear in this region. Subsequently, if the material has enough shear strength to avoid this type of fracture, the appearance of a failure by traction in the reduced area will be seen. In essence, traction failure can only be obtained if it is guaranteed that the specimen has sufficient shear strength to avoid failure in the area of cross-sectional area reduction.
